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Genetic forms of polycystic kidney diseases (PKDs), including nephronophthisis, are characterized by forma- 
tion of fluid-filled cysts in the kidneys and progression to end-stage renal disease. No therapies are currently 
available to treat cystic diseases, making it imperative to dissect molecular mechanisms in search of thera- 
peutic targets. Accumulating evidence suggests a pathogenic role for glucosylceramide (GlcCer) in multiple 
forms of PKD. It is not known, however, whether other structural glycosphingolipids (GSLs) or bioactive sig- 
naling sphingolipids (SLs) modulate cystogenesis. Therefore, we set out to address the role of a specific GSL 
(ganglioside GM3) and signaling SL (sphingosine-1-phosphate, S1P) in PKD progression, using the jck 
mouse model of nephronopthisis. To define the role of GM3 accumulation in cystogenesis, we crossed jck 
mice with mice carrying a targeted mutation in the GM3 synthase (St3gal5) gene. GM3-deficient jck mice dis- 
played milder PKD, revealing a pivotal role for ganglioside GM3. Mechanistic changes in regulation of the 
cell-cycle machinery and Akt-mTOR signaling were consistent with reduced cystogenesis. Dramatic overex- 
pression of sphingosine kinase 1 (Sphkl) mRNA in jck kidneys suggested a pathogenic role for S1P. 
Surprisingly, genetic loss of Sphkl exacerbated cystogenesis and was associated with increased levels of 
GlcCer and GM3. On the other hand, increasing S1P accumulation through pharmacologic inhibition of 
S1 P lyase had no effect on the progression of cystogenesis or kidney GSL levels. Together, these data sug- 
gest that genes involved in the SL metabolism may be modifiers of cystogenesis, and suggest GM3 synthase 
as a new anti-cystic therapeutic target. 



INTRODUCTION 

Nephronophthisis is an autosomal recessive cystic kidney 
disease that is a common cause of end-stage renal disease in 
the first three decades of life (1,2). Nephronophthisis can be 
caused by mutations in at least 12 distinct genes; however, 
all of the proteins encoded by these genes localize to the 
primary cilia or centrosome (1,3). Ciliary dysfunction has 



been recently discovered as a common abnormality leading 
to multiple forms of polycystic kidney disease (PKD) 
(1,4-6). Cystogenesis is accompanied by characteristic 
changes in tubular epithelial cells, including increased prolifer- 
ation, apoptosis, acquisition of a secretory phenotype, dysregu- 
lation of the cell cycle, intracellular calcium and cAMP 
signaling and activation of several molecular pathways, includ- 
ing the Ras/Raf/MEK/ERK, Akt/mTOR and Wnt, among 
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others (7-18) (also reviewed in 4,19,20). Recent advances in 
mechanistic understanding of pathogenic changes underlying 
cystogenesis have yielded potential therapeutic approaches to 
slow cyst growth in preclinical models (17,18,21-25). 

Both glycosphingolipids (GSLs) and bioactive signaling 
sphingolipids (SLs) are known as important regulators of prolif- 
eration, differentiation, apoptosis and receptor signaling, all 
processes which are disrupted in multiple forms of PKD, in- 
cluding nephronopthisis (26-30). Recent findings demonstrate 
that increased biosynthesis of GSLs promotes cystogenesis 
and therefore can be targeted for therapeutic intervention 
(27,31,32). GSL synthesis begins with the glucosylation of cer- 
amide to form glucosylceramide (GlcCer), which is a precursor 
to the formation of many other structural GSLs, including glo- 
bosides and gangliosides (26,30). We have shown previously 
that specific inhibition of GlcCer synthase effectively decreases 
cystogenesis in mouse models orthologous to human autosomal 
dominant PKD (ADPKD) and nephronophthisis (32). Notably, 
the reduction of cystogenesis was accompanied by the reduction 
of not only GlcCer, but also the ganglioside GM3 (32). Al- 
though GSL imbalances clearly play a role in cystogenesis, 
the specific GSLs responsible for this role, and the mechanisms 
by which this occurs, remain to be identified. 

Although there is a role for GSLs in the modulation of PKD, 
it is not known whether bioactive lipids contribute to the path- 
ology of PKD. Importantly, the synthesis/degradation pathways 
of GSL and SL metabolism comprise a complex network, with 
ceramide (itself a signaling SL) playing a central role. As 
described above, ceramide forms the basis for the GSLs. Add- 
itionally, ceramide can be formed from sphingomyelin and act 
directly on cellular functions, or give rise to sphingosine 
(SPH), another bioactive signaling SLs (33). SPH is then phos- 
phorylated by SPH kinase to form sphingosine- 1 -phosphate 
(SIP). Collectively, bioactive SLs, including ceramide and 
SIP, play important roles regulating cell survival, apoptosis 
and differentiation (26,28,34,35). SIP can be secreted from 
the cell, allowing it to interact with G-protein-coupled receptors; 
alternatively, SIP or its derivatives can function intracellularly 
to mediate signaling activity (reviewed in 35,36). SIP can be 
degraded by the SIP lyase (SPL) in an irreversible reaction 
that generates hexadecenal and phosphoethanolamine (35). It 
has been shown that many enzymes in the GSL and SL path- 
ways are regulated by growth factors and cytokines, leading 
to changes in SL levels in a cell- and tissue-specific manner 
(37,38). Thus, the regulation of lipid flux through the network 
in response to cellular stimuli or pharmacologic intervention 
cannot be predicted, and must be experimentally determined 
in order to understand disease mechanisms and the impact of 
therapeutic lipid modulation. 

We set out to assess the unique contribution of GSLs and sig- 
naling SLs to PKD progression in the jck mouse model of 
human nephronophthisis. Here we demonstrate for the first 
time that the ganglioside GM3 plays a pivotal role in cystogen- 
esis by crossing jck mice with mice carrying a targeted mutation 
in the GM3 synthase gene (St3gal5). Genetic loss of GM3 syn- 
thase (GM3S) prevented GM3 synthesis and inhibited PKD pro- 
gression in jck mice. This was accompanied by alterations to 
cell-cycle regulatory protein expression and Akt-mTOR signal- 
ing, consistent with reduced cystogenesis. We also show an ele- 
vation of SPH and SIP levels in cystic kidneys, with a strong 



overexpression of Sphkl mRNA. We hypothesized that the re- 
duction in SIP levels may inhibit cystogenesis in jck mice. 
We crossed jck mice with mice carrying a targeted mutation 
in the Sphkl gene. Unexpectedly, the loss of Sphkl accelerated 
PKD and was associated with increased levels of GlcCer and 
GM3. Therefore, we tested the hypothesis that SIP is protective 
by pharmacologic inhibition of SPL activity. Although SPL in- 
hibition significantly increased kidney SIP levels, there was no 
effect on cystogenesis or kidney GSL levels. Together, these 
data demonstrate that GSLs and signaling SLs play important 
roles in cystogenesis, and suggest GM3S as a novel target for 
therapeutic intervention. 

RESULTS 

Structural and bioactive SL metabolism is dysregulated 
in cystic kidneys of jck mice 

Because aberrant expression of SLs and GSLs is known to in- 
fluence cellular processes such as growth, differentiation and 
survival, we considered the possibility that GSLs as well as 
bioactive signaling lipids may modify cystic disease progres- 
sion in the jck mouse model (orthologous to human nephro- 
nophthisis with a mutation in the NPHP9 gene) (1,39). We 
compared lipid levels in cystic kidneys from jck mice with 
the levels present in age-matched wild-type controls, using 
LC-MS analysis, as previously described (Fig. 1) (32). The 
levels of all GSLs analyzed were elevated in cystic kidneys 
compared with normal controls, which is in line with previous 
reports (Fig. IB) (27,31). We have previously reported no sig- 
nificant change in ceramide levels in this model (32). Interest- 
ingly, the levels of bioactive SLs, including SPH, and SIP 
were also elevated, although to a lesser extent than GSLs 
(Fig. 1C). SIP is generated through the actions of two distinct 
genes, Sphk 1 or 2. Therefore, we assessed Sphkl and Sphk2 
mRNA levels in wild-type and jck mouse kidney samples, 
using quantitative RT-PCR. Significant overexpression of 
Sphkl mRNA was observed in cystic kidneys compared with 
wild-type controls (Fig. ID). Analysis of human ADPKD 
SAGE data also revealed increased expression of SPHK1 
mRNA levels (40). These results suggest that structural 
GSLs, as well as bioactive lipids, may play a role in the pro- 
gression of cystic growth. 

Loss of GM3S slows PKD progression in jck mice 

We have shown previously that elevated levels of GlcCer 
promote cystogenesis and that pharmacologic blockade of 
GlcCer synthase attenuates PKD in jck mice (32). Importantly, 
the reduction of cystogenesis was accompanied not only by 
decreased levels of GlcCer, but GM3 as well (32). To deter- 
mine whether elevated kidney GM3 levels play a direct patho- 
genic role in PKD progression, we crossed jck animals with 
GM3S knockout animals to generate cystic animals that spe- 
cifically lack GM3 (Fig. 2) (41). PKD progression was 
highly inhibited in jck mice lacking GM3S activity 
(GM3S — / — ), as indicated by a significantly lower kidney/ 
body weight ratio, cyst volume, blood urea nitrogen (BUN) 
(Fig. 2A; Supplementary Material, Table SI) and preservation 
of normal tissue (Fig. 2B). 
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Figure 1. Altered SL and GSL metabolism in PKD. (A) Schematic of normal GSL and SL metabolism. Bioactive SLs, including ceramide and SIP, play im- 
portant roles in apoptosis and cell survival. GSLs, including GlcCer, LacCer, the ganglioside GM3 and the globosides Gb3 and Gb4, are components of lipid rafts 
and play a role in modulating cell-surface receptor signaling. Enzymes mediating the production of these lipids are shown in italics. THI inhibitor of SPL is 
indicated. (B) LC-MS analysis of GSL levels in the 64-day-old male wild-type (WT) and jck mouse kidney. Note the statistically significant increases in 
GlcCer, LacCer and GM3 accumulation in jck kidneys. (C) LC-MS analysis of bioactive SL levels in the 64-day-old wild-type (WT) and jck mouse kidney. 
Increased levels of SPH and SIP are seen in jck kidneys compared with wild-type controls (P = 0.14 and P= 0.11, respectively). (D) Sphkl and Sphk2 
mRNA levels. Whole-kidney mRNA from 64-day-old wild-type (wt) or jck mice was assayed for gene expression, using TaqMan analysis. Data shown are 
the mean + SEM of three independent samples. *P < 0.05 compared with wild-type. 



Next, we analyzed GSL levels in the kidneys of GM3S — I — 
jck animals (Fig. 2C). As expected, GM3 levels in the 
GM3S — /— mice were below the limit of detection for the 
LC-MS assay employed. Also, GM3S — /— mice showed 
reduced GlcCer levels and elevated lactosylceramide 
(LacCer) levels (Fig. 2C). The accumulation of LacCer is 
expected if the LacCer that would normally form gangliosides 
is not shunted into the globoside pathway in GM3S-null 
animals; indeed, we did not observe an increase in globosides 
Gb3 or Gb4 in these animals (Fig. 2C). It is unclear whether 
the reduction in GlcCer results from a feedback mechanism 
regulating glycosphinglipid accumulation, possibly due to 
increased LacCer, or as a secondary consequence of reduced 
cystogenesis. A slight but not significant reduction in GlcCer 
levels was observed in non-cystic GM3S mice (Supplementary 
Material, Fig. SI), with no change in LacCer, suggesting that 



the change in GlcCer may be secondary to reduced cystogen- 
esis, but further work will be necessary to determine how the 
GSL metabolism is regulated in normal and cystic animals. 
These data suggest that ganglioside GM3 plays a pivotal 
role in modifying cystogenesis in jck mice. Heterozygous 
GM3S+/— animals demonstrated slightly decreased GM3 
levels with unchanged GlcCer and LacCer abundance, which 
was not apparently sufficient to modify PKD progression 
(Fig. 2A and B; Supplementary Material, Table SI). Analysis 
of bioactive SLs showed a slight decrease in SIP in 
GM3S — /— cystic kidneys, with no changes in ceramide and 
SPH levels (Fig. 2D). A decrease of SIP was also observed 
in non-cystic GM3S — /— mice, suggesting that SIP levels 
are influenced by GM3 levels (Supplementary Material, 
Fig. SI). These data show that ganglioside GM3 is an import- 
ant modulator of cystic growth. 
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Figure 2. Loss of GM3S protects from cystogenesis in jck mice. (A) PKD progression in 64-day-old GM3S:jck males. Shown are quantitative analyses of 
kidney/body weight ratio (K7BW), cyst volume, percentage of Ki67-positive cells and BUN. Data are shown as mean + SEM (9-23 animals per group for 
all but percentage of Ki67-positive cells, which is 3 representative animals per group). (B) Representative H&E-stained sections from 64-day-old wild-type 
(GM3S+/+), heterozygous mutant (GM3S+/ — ) and homozygous mutant (GM3S — / — ) jck mice. (C) LC-MS analysis of GSL levels in kidneys of 
64-day-old jck male mice carrying GM3S mutations. (D) LC-MS analysis of bioactive SL levels in kidneys of 64-day-old jck male mice carrying GM3S muta- 
tions. *P < 0.05 compared with GM3S+/+. Data shown are the mean + SEM of three representative animals. (E) Immunoblot analysis of cell-cycle regulatory 
protein expression in GM3S mutant jck mice. P-cyclin Dl, phosphorylated cyclin Dl; cyclin Dl, total cyclin Dl; cyclin D3, total cyclin D3; P-ERK, phosphory- 
lated ERK1/2; ERK, total ERK1/2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (F) Immunoblot analysis of the Akt-mTOR pathway in GM3S mutant 
jck mice. P-S6, phosphorylated ribosomal protein S6; S6, total ribosomal protein S6; P-Akt, phosphorylated Akt; Akt, total Akt; (3-catenin, total |3-catenin; 
c-Myc, total c-Myc. (G) Immunoblot analysis of proteins regulating apoptosis in GM3S mutant jck mice. GAPDH staining was used to control for loading 
differences. 
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Molecular pathways modulated by the loss of GM3S 
in cystic kidneys 

To determine whether dysregulated cell cycle, apoptosis and 
signaling pathways are affected by the loss of GM3S activity, 
we performed western blot analysis on kidney extracts from 
GM3S+/+, +/— and — /— jck mice. Analysis of cell-cycle 
regulatory proteins showed decreased expression of cyclin 
D3 and increased phosphorylation of cyclin Dl in 
GM3S — /— jck mice, suggesting potent inhibition of the cell 
cycle (Fig. 2E; Supplementary Material, Fig. S2). The loss 
of GM3S also affected MEK-ERK signaling, known to regu- 
late cyclin Dl (Fig. 2E). Proliferation was greatly reduced in 
GM3S — /— jck kidneys, evident by a decrease in the percent- 
age of Ki67-positive cells and decreased proliferating cell 
nuclear antigen (PCNA) levels (Fig. 2A and E; Supplementary 
Material, Fig. S2). Decreased total and phosphorylated 
(Ser-473) Akt, as well as decreased ribosomal protein S6 phos- 
phorylation, was observed in GM3S — /— animals, demonstrat- 
ing reduced Akt/mTOR signaling (Fig. 2F; Supplementary 
Material, Fig. S2). Decreased Wnt/|3-catenin signaling, known 
to be influenced by the cilium (42), was observed in cystic epi- 
thelial cells lacking GM3, as evidenced by reduced |3-catenin 
and c-Myc expression (Fig. 2F; Supplementary Material, 
Figs S2 and S3). Apoptosis was not markedly affected in 
GM3S — /— jck mice, with only a slight increase in anti- 
apoptotic Bcl-x L protein and a slight decrease in Bad (Fig. 2G; 
Supplementary Material, Fig. S2). These data demonstrate 
that GM3 loss is likely to modulate several pathways of cysto- 
genesis, including cell cycle, growth-factor-regulated signaling 
pathways and, possibly, ciliary signaling. It is important to note, 
however, that this data set does not distinguish primary effects of 
GM3 loss from effects that are secondary to reduced disease 
burden, as only terminal timepoints were analyzed. 



Loss of Sphkl aggravates PKD in jck mice 

Overexpression of Sphkl mRNA, but not Sphk2 mRNA, and 
elevated levels of SIP in jck kidneys (Fig. 1C and D) sug- 
gested that the loss of Sphkl may inhibit cystic disease pro- 
gression. To test this hypothesis, we crossed jck mice with 
Sphkl knockout mice to generate Sphkl+/+, +/— or — I — 
jck mice (Fig. 3) (43). Surprisingly, mutations in the Sphkl 
gene significantly accelerated PKD in jck mice, and the 
level of disease correlated with the Sphkl mutant gene 
dosage (Fig. 3A and B; Supplementary Material, Table S2). 
Comparative analysis of signaling SLs showed a reduction 
in kidney SIP levels in both the Sphkl +/— and Sphkl—/ — 
jck kidneys; Sphk2 activity prevents the complete loss of 
SIP in kidneys from the Sphkl—/— animals (Fig. 3C). Al- 
though the reduction in SIP levels did not reach statistical sig- 
nificance, the data are suggestive of a gene dose-response 
relationship (Fig. 3C). Kidney ceramide and SPH levels 
were largely unaffected in Sphkl+/— and Sphkl—/ — 
animals. A significant reduction of SIP was observed in non- 
cystic animals lacking Sphkl, with no significant changes in 
other SLs (Supplementary Material, Fig. S4). Interestingly, 
analysis of structural GSLs showed significantly increased 
levels of GM3 and GlcCer, but not LacCer, in Sphkl—/ — 
jck kidneys (Fig. 3D). The lack of change in LacCer levels 



can be explained by increased synthesis of globosides; there- 
fore, we assessed the level of globosides Gb3 and Gb4 in 
these mice (Fig. 3D). Gb3 and Gb4 levels are elevated in 
these animals, suggesting that LacCer levels are maintained 
in Sphkl—/— animals by increased production of ganglio- 
sides and globosides. As we have shown that increased 
GlcCer and GM3 levels are associated with increased cysto- 
genesis, it is possible that the loss of Sphkl results in the ag- 
gravation of PKD because it leads to the accumulation of the 
GSLs GlcCer and GM3. 



Molecular pathways modulated by Sphkl loss 
in cystic kidneys 

To test whether the aggravation of PKD associated with Sphkl 
loss is mechanistically linked to the accumulation of GlcCer 
and GM3, which in turn leads to cell-cycle dysregulation 
and Akt-mTOR signaling, we performed western blot analysis 
on kidney extracts from Sphkl +/+, +/— and — /— jck mice 
(Fig. 3E-G; Supplementary Material, Fig. S5). Loss of Sphkl 
function increased the expression of the cell-cycle regulatory 
protein cyclin D3, reduced phosphorylated cyclin Dl and 
increased ERK phosphorylation (Fig. 3E). Elevated 
Akt-mTOR signaling was evident by increased phosphoryl- 
ation of ribosomal protein S6 and Akt (Fig. 3F). Increased 
apoptosis was detected in Sphkl—/— jck kidneys by 
decreased expression of the anti-apoptotic protein Bcl-x L 
and increased expression of the pro-apoptotic protein Bad 
(Fig. 3G). 

SPL inhibition increases SIP levels without affecting 
cystogenesis 

Since genetic deletion of Sphkl exacerbates PKD and reduces 
SIP levels, we next tested the hypothesis that increasing SIP 
levels might inhibit cystogenesis by treating jck mice with the 
SPL inhibitor 2-acetyl-4-tetrahydroxybutylimidazole (THI) 
(44). Interestingly, THI treatment had no effect on cystogen- 
esis (Fig. 4A and B) despite a significant increase in kidney 
SIP levels (Fig. 4C). Therefore, increasing SIP levels does 
not alter cystogenesis. No significant change was observed 
in kidney GlcCer or GM3 levels (Fig. 4D). These data 
suggest that changes in GSL levels play major roles in modu- 
lating cystogenesis. 

DISCUSSION 

GSLs and signaling SLs play important roles in regulating pro- 
liferation, signal transduction and apoptosis, processes that are 
known to be dysregulated during cystogenesis (26-29). Here 
we show that metabolic pathways for structural GSLs and sig- 
naling SLs are significantly altered in the jck mouse model, a 
murine model of nephronophthisis (1,45). Although previous 
studies identified similar GSL imbalances in preclinical 
models of nephronophthisis and ADPKD (32), future analysis 
will be necessary to directly extend our findings to other forms 
of PKD, including autosomal recessive PKD and ADPKD. We 
demonstrate that genetic loss of GM3S protects against PKD 
progression in jck mice, mediated through the inhibition of 
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the cell cycle and Akt-mTOR signaling. In contrast, reducing aggravates cystogenesis. The inhibition of SPL activity 
the level of the bioactive SL SIP through genetic loss of increases kidney SIP levels but not GSL levels, and has no 
Sphkl increases kidney GlcCer and GM3, and therefore effect on cystogenesis. We have recently shown that 
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Figure 4. Inhibition of SPL activity increases SIP but does not inhibit cystogenesis in jck mice. Male jck mice were treated from 26-64 days of age with 50 mg/1 
THI in the drinking water. (A) Quantitative analysis of kidney /body weight ratio (K7BW), cyst volume and BUN from jck mice treated with THI or vehicle 
controls. Data shown are the mean + SEM, n = 10 vehicle and 8 THI-treated animals. (B) Representative H&E-stained sections from THI-treated jck mice 
or vehicle controls. (C) LC-MS analysis of bioactive SL levels in kidneys of THI- or vehicle-treated jck mice. *P < 0.05 compared with vehicle. (D) 
LC-MS analysis of structural GSL levels in kidneys of THI- or vehicle-treated jck mice. Data shown are the mean + SEM of three representative animals. 



pharmacologic inhibition of GlcCer synthase reduces cysto- 
genesis in two mouse models orthologous to nephronophthisis, 
as well as a mouse model orthologous to human ADPKD (32). 
GlcCer is a precursor to GM3 biosynthesis, and therefore the 
inhibition of GlcCer synthesis could reduce GM3 production 
by limiting the available substrate for GM3S. Indeed, 
reduced GM3 levels were observed in animals treated with a 
GlcCer synthase inhibitor, suggesting that the effects of 
GlcCer synthase inhibition could be mediated, in whole or 
in part, by reduction of GM3 biosynthesis (32). Interestingly, 
reduced levels of GlcCer were found in the GM3S — /— jck 
animals. It is possible that the loss of GM3 activates a feed- 
back mechanism that inhibits GlcCer accumulation, possibly 
due to the accumulation of LacCer in these animals. 

As a component of lipid rafts, GM3 can interact with cell 
signaling receptors for growth factors such as the epidermal 



growth factor (EGF) or insulin (46,47). The EGF and insulin- 
like growth factor 1 have been shown to increase cystogenesis 
in PKD (48,49). It is reasonable to speculate that the accumu- 
lation of GM3 may alter its interactions with cell-surface 
receptors, resulting in aberrant cell signaling associated with 
cystogenesis. In support of this hypothesis, we find that mice 
lacking GM3 have reduced Mek-Erk signaling and 
Akt-mTOR activity, both of which are modulated by cell- 
surface receptors and are important drivers of cystogenesis 
(20). Since the data provided here are from terminal time- 
points, some of the changes we observe may be secondary 
to changes in cumulative kidney damage. For example, cumu- 
lative kidney damage can activate mTOR signaling to induce 
compensatory hypertrophy (50). We have shown previously, 
however, that brief treatment of cystic kidneys with a 
GlcCer synthase inhibitor reduces both GM3 levels and 



3404 Human Molecular Genetics, 2012, Vol. 21, No. 15 



mTOR signaling prior to an effect on cyst burden, arguing that 
GM3 may directly regulate this pathway (32). Of note, the 
gangliosides GM1 and GM3 were found to be localized 
along the entire length of the primary cilia, an organelle that 
plays an important role in regulating cystogenesis (51). Here 
we demonstrate altered canonical Wnt signaling in cystic 
GM3S — /— mice, suggesting that GM3 can modulate ciliary 
signaling, providing an additional link between the GSL me- 
tabolism and processes that drive cystogenesis. Importantly, 
GM3S — /— animals are viable and fertile (41,52), suggesting 
that compounds that inhibit GM3S activity might be effective 
and safe therapies to treat PKDs. 

Although recent data strongly suggest a role of structural 
GSLs in the pathogenesis of PKD, the role of signaling SLs 
has not been addressed previously (27,31,32). Ceramide, a 
central molecule in SL metabolism, was found to be associated 
with the base of the primary cilium (53). The inhibition of 
ceramide synthesis prevents the formation of the primary 
cilia, whereas exogenous addition of a ceramide analog 
rescues primary cilia formation (53). In vitro manipulation 
of ceramide levels in NIH 3T3 cells suggests that increased 
ceramide levels can inhibit cell-cycle progression (54). Cera- 
mide is a central molecule in both the GSL and bioactive 
SL metabolic pathways and the relative levels of ceramide 
and SIP have been proposed to regulate apoptosis, which 
plays an important role in cystogenesis (25,28). Interestingly, 
the SPH kinase 1 and 2 proteins, encoded by the Sphkl and 
Sphk2 genes, respectively, have been localized to the centro- 
some, suggesting a role in regulating cell division (29). Fur- 
thermore, Sphkl can promote cellular proliferation, another 
potential mechanism by which altered SIP levels could influ- 
ence PKD (55,56). 

SPH kinase 1 expression was shown to be increased in 
human colon carcinomas and in mouse models of adenomas, 
and genetic loss of Sphkl, but not Sphk2, reduces polyp 
growth in these mouse models (55,56). This was accompanied 
by a reduction of cyclin-dependent kinase 4 and c-Myc protein 
expression (56). Dysregulation of the cell cycle and overex- 
pression of c-Myc are hallmarks of PKD, and therapies target- 
ing both have proven to be effective in preclinical models of 
PKD (21,57). Although our data show a significant upregula- 
tion of Sphkl mRNA in jck mice, genetic loss of Sphkl aggra- 
vates PKD in jck mice, suggesting that SIP produced by 
Sphkl is protective. This could work through S IP-mediated 
activation of G-protein-coupled receptors, or through the re- 
duction of the cellular SL pool necessary for ceramide produc- 
tion. Although we do not see an increase in Sphk2 expression, 
we cannot rule out a role for Sphk2 in PKD. Recent studies 
have demonstrated increased Sphkl mRNA expression and 
kinase activity after renal ischemia-reperfusion injury (IRI), 
without changes in Sphk2 mRNA or kinase activity (58,59). 
Jo et al. (58) reported that Sphk2 loss was associated with 
an increased level of kidney damage following IRI and 
increased expression of the S1P 3 receptor, suggesting that 
Sphk2 is required by Sphkl to limit renal injury by limiting 
the activation of the SIP3 receptor. Our observation that SIP 
levels are only partially reduced in Sphkl—/— jck mouse 
kidneys demonstrates that Sphk2 is present and functional in 
these animals. It would therefore be interesting to explore 
the potential role of Sphk2 in PKD. 



The ratio of SIP to ceramide has been proposed to function 
as a 'rheostat' to allow growth and survival of cells when SIP 
predominates, or apoptosis when ceramide accumulates (28). 
Apoptosis is associated with human and murine PKD 
(reviewed in 60). Inhibition of apoptosis was shown to 
reduce cystogenesis in mouse and rat models of PKD 
(25,61). Conversely, the disruption of the anti-apoptotic gene 
Bcl-2 causes PKD (62,63). Here we show that the deletion 
of Sphkl reduces SIP levels, which would be expected to 
disrupt the SIPxeramide balance to favor apoptosis. In 
support of this, western blot analysis demonstrates reduced ex- 
pression of the anti-apoptotic protein Bcl-x L and increased ex- 
pression of the pro-apoptotic Bad. This could be a mechanism 
by which Sphkl loss exacerbates cystogenesis. However, if 
this were the case, SPL inhibition would be expected to 
drive the SIPxeramide ratio to inhibit apoptosis, thereby inhi- 
biting cystogenesis. This is not what we observe. Therefore, 
apoptosis may not be the primary mechanism increasing cysto- 
genesis in the Sphkl—/— jck mice. Similarly, if increased 
cystogenesis in Sphkl -knockout mice was the result of 
decreased SIP-mediated activation of SIP receptors, we 
would have expected that increasing SIP levels through SPL 
inhibition would decrease cystogenesis. Again, our data are 
not consistent with this hypothesis. A third hypothesis is that 
Sphkl inhibits cystogenesis by acting as a sink to remove cer- 
amide from the pool available for GSL production. The obser- 
vation that jck mouse kidney GlcCer and GM3 levels increase 
upon Sphkl loss, coupled with the fact that SPL inhibition has 
no effect on GSL levels or cystogenesis, is consistent with this 
model. We note that the elevation of GlcCer and GM3 in 
Sphkl +/— animals is small, despite a significant increase in 
cystogenesis, which could argue against this model and 
requires further investigation. It would be interesting to test 
the progression of cystogenesis in jck mice lacking both 
GM3S and Sphkl in future studies. 

These data demonstrate that altered SL metabolism can 
impact cyst growth, suggesting that genes involved in SL 
metabolism may act as modifier genes to influence disease 
severity. A number of studies have reported loci that 
modify cystogenesis in murine models of PKD 
(64-67). Although the regions identified in these studies 
include potentially hundreds of distinct genes, it is intriguing 
that a region of mouse chromosome 4 containing a modifier 
of cystogenesis in the jck and pcy mouse models of nephro- 
nopthisis (66,67) includes the mouse GlcCer synthase gene, 
Ugcg. There is strong evidence that time to end-stage renal 
disease is controlled by modifier loci in human ADPKD 
(68-70), making the identification of these genes especially 
important. 

Understanding the mechanisms that promote cystogenesis is 
necessary to develop therapeutics to slow cyst growth. Here 
we demonstrate that elevated GM3 levels promote cyst 
growth in a mouse model of nephronophthisis, and that 
genetic deletion of GM3S protects from cystogenesis. We 
further demonstrate that overexpression of Sphkl, one of 
two enzymes that produces the signaling SL SIP, is not patho- 
genic in jck kidneys. These data suggest that a greater under- 
standing of the role of GSL and SL imbalances in 
nephronophthisis and other forms of PKD may lead to the 
identification of viable therapeutic targets. 
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MATERIALS AND METHODS 

Animal handling and treatment 

Mice were handled in strict accordance with the recommenda- 
tions in the Guide for the Care and Use of Laboratory Animals 
of the National Institutes of Health. The protocol was 
approved by the Genzyme Institutional Animal Care and 
Use Committee. Jck mice were genotyped as described previ- 
ously (71). GM3S knockout mice (St3gal5 tmlRlp,tmimp , a kind 
gift of Dr Richard Proia, NIDDK) were genotyped using the 
primers 5' -TTACTCCTTCTATTCTGTGAG-3' , 5'-AAGAC 
TTCCTGAGCATAGCT-3' and 5'-CAATCCATCTTGTTC 
AATCA-3', in PCR reactions containing 1.5 htm MgCl 2 to 
generate reaction products of 506 (wild-type GM3S allele) 
or ~450 bp (GM3S-null allele). Cycling parameters were: 94°C 
x 5 min; 35 x (94°C x 30 s, 65°C x 30 s, 72°C x 2 min); 72°C 
x 10 min. Sphkl knockout mice (SpM7 tmlRlp/tmlRlp , kindly 
provided by Dr Richard Proia, NIDDK) were genotyped by 
Transnetyx, Inc., using a proprietary assay. The SPL inhibitor 
THI was ordered from Albany Molecular Research, Inc., and 
was administered ad libitum at 50 mg/1 in drinking water contain- 
ing 1% glucose (pH 4.0) (44). Histologic and BUN analyses were 
performed as described previously (71). 

GSL analysis 

To assess the relative levels of GSLs and SLs, we performed 
LC-MS analysis; all GSLs except SIP were analyzed as 
described previously (32). For Gb3 and Gb4 analysis, kidney 
homogenates were extracted with a mixture of 50% (1% 
acetic acid 5 min ammonium acetate in 97:2:1 acetonitrile: 
methanol: water) and 50% (1% acetic acid 5 min ammonium 
acetate in 99:1 methanol/water). Extracts were separated by 
HPLC using an Acquity UPLC system with a BEH HILIC 
column (Waters Corporation) and analyzed using an API 
4000 mass spectrometer (Applied Biosystems). The low abun- 
dance of SIP in kidney tissues necessitated the following mod- 
ifications: separation was achieved with an Xbridge Phenyl 
2.1 x 100 mM column (Waters Corporation), and eluates 
were analyzed with an API-5000 mass spectrometer 
(Applied Biosystems). Data shown are the mean + SEM of 
three representative animals. 

Quantitative RT-PCR analysis 

RNA was extracted and processed as previously described (72). 
Quantitative RT-PCR for Sphkl and Sphk2 was performed using 
Applied Biosystems-predesigned TaqMan Gene Expression 
Assays, and normalized with rodent 18S RNA. 

Western blot analysis 

Kidney extracts were prepared, run and transferred for western 
blot analysis as described previously (72). Three kidneys of 
each genotype were analyzed, and representative examples 
are shown. The following primary antibodies were used: 
Bcl-x L , Bad, Akt, ApaF-1, cyclin D3, (3-catenin (all from 
BD Biosciences, San Jose, CA, USA), phospho-Akt 
(Ser473), S6 ribosomal protein, phospho-S6 ribosomal 
protein (Ser235/236), cyclin Dl, phospho-cyclin Dl 



(Thr286), total ERK, phospho-ERK (Thr202/Tyr204), c-Myc 
(all from Cell Signaling Technologies, Danvers, MA, USA), 
caspase-2 (Millipore, Billerica, MA, USA), PCNA and 
GAPDH (US Biological, Swampscott, MA, USA). 

Immunohistochemistiy and immunofluorescence 
Paraffin-embedded tissue sections were deparafftnized through 
a xylene/graded ethanol series, and antigen retrieval was per- 
formed by heat-treating in a citrate buffer (Dako Corporation, 
Carpinteria, CA, USA) for 20-30 min, using a pressure 
cooker. Slides for immunohistochemistry (IHC) were 
blocked with a peroxidase-blocking solution (Dako Corpor- 
ation). All slides were pre-incubated with a serum-free 
protein-blocking agent (Dako Corporation) prior to incubation 
with primary antibodies diluted in an antibody dilution reagent 
(Dako Corporation). Primary antibody binding was revealed 
using either an Envision + HRP system followed by 
3,3'-diaminobenzidine tetrahydrochloride (DAB) (Dako Cor- 
poration) as recommended by the manufacturer for IHC, or 
by Alexa 488-conjugated secondary antibodies (Life Tech- 
nologies, Grand Island, NY, USA) for immunofluorescence 
(IF). Slides for IHC were counterstained with hematoxylin 
prior to mounting. Slides for IF were mounted with Vecta- 
shield plus DAPI (Vector Laboratories, Burlingame, CA, 
USA). An anti-Ki67 antibody (Abeam, Cambridge, MA, 
USA) was used for IHC; anti-c-Myc (Abeam) and 
anti-(5-catenin (BD Biosciences) antibodies were used for IF. 
For quantification of Ki67 staining, 15-20 representative 
20 x fields were photographed from each of three representa- 
tive animals per genotype. The percentage of Ki67-positive 
nuclei was measured using the Metamorph Imaging Series® 
software (Molecular Devices Corporation, Dowington, 
PA, USA). 

Statistical analysis 

Data are expressed as mean + SEM. Data were analyzed with 
a D'Agostino and Pearson omnibus normality test. Compari- 
sons were made by a two-tailed ?-test (if normally distributed) 
or Mann- Whitney test (if not normally distributed) using the 
GraphPad Prism software (GraphPad Software, Inc., LaJolla, 
CA, USA); significance was accepted at the 0.05 level of prob- 
ability (P < 0.05). 

SUPPLEMENTARY MATERIAL 

Supplementary Material is available at HMG online. 
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